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Junctions doped with a small mount of Al between the top ferromagnetic electrode and the insulator
were fabricated. The tunnel magnetoresistance ~TMR! ratio increased at the doped Al thickness of
0.2 nm after annealing at 250 °C. Inelastic-electron-tunneling spectroscopy ~IETS! has been applied
to investigate the spin-dependent tunneling process for the tunnel junctions. The IET spectrum
subtracting the spectrum at parallel magnetization configuration from that at antiparallel
configuration showed a peak around 20 mV of the bias voltage especially for the junction after
annealing at 250 °C. Over the corresponding voltage the TMR ratio as a function of the bias
decreased; however, the influence was relatively small. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1540172#Since large tunnel magnetoresistance ~TMR! at room
temperature was observed,1,2 properties of magnetic tunnel
junctions have been steadily improved. Especially since very
large TMR ratios of more than 40% were reported by several
groups,3–5 it is believed that devices based on TMR phenom-
enon will become commercially viable within a few years.6
Magnetic random access memory is one of the most realistic
targets to be developed. In spite of the large TMR effect at
low bias voltage, the TMR ratio decreases with increasing
the bias voltage; therefore, the improvement of the bias-
voltage dependence is required. Some possible origins of the
bias dependence of TMR have been proposed.7,8 Magnons at
the interface between a ferromagnetic electrode and an insu-
lator induce the inelastic conduction pass with spin flip; the
TMR ratio decreases over the voltage at which the inelastic
conduction pass opens. We have reported on the measure-
ments of conductive properties for magnetic tunnel junctions
using inelastic-electron-tunneling spectroscopy ~IETS!.9,10
The spin-dependent excitation at ferromagnetic electrodes
was successfully observed in the spectra; therefore, this tech-
nique is useful for the interface characterization of tunnel
junctions. In our recent experiment, the surface of plasma-
oxidized Al had a reconstruction structure and Al termination
was favored.11,12 Direct Al–FM ~ferromagnet! bonding must
play an important role for the high positive spin
polarization.13,14 In this work we prepared the junction doped
with a small amount of Al between the top ferromagnetic
electrode and the insulator. This article describes the IET
spectra for the parallel ~P! and antiparallel ~AP! magnetiza-
tion configurations of the both ferromagnetic electrodes in
order to compare with the bias dependence of TMR ratio at
low voltage region.
Magnetic tunnel junctions were prepared by magnetron
sputtering with inductively coupled plasma ~ICP! onto ther-
mally oxidized Si substrates. The stacking structure was
SiO2 /Pt~3 nm!/Ni80 Fe20 ~3 nm!/Cu~20 nm!/Ni80 Fe20 ~3
nm!/IrMn~10 nm!/Co75 Fe25 ~5 nm!/Al~2 nm!-oxide/Al(dAl
a!Electronic mail: ando@mlab.apph.tohoku.ac.jp7020021-8979/2003/93(10)/7023/3/$20.00
Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject tonm!/Co75 Fe25 ~5 nm!/Ni80 Fe20 ~20 nm!/Pt~5 nm!. The base
pressure was below 231026 Pa and sputtering was carried
out in an atmosphere of 0.15 Pa Ar. The surface of 2 nm Al
layer was oxidized by ICP in a mixed atmosphere of 0.75 Pa
O2 and 0.25 Pa Ar for 270 s. After the oxidation, metallic Al
was fabricated on the Al-oxide layer. The junction area was
1003100 mm2 using contact metal mask. The dI/dV2V
curves and IET spectra, i.e., the derivative of conductance,
were measured by a modulation method using a homemade
electrical circuit. In addition to a dc voltage sweep, an ac
modulation voltage of 0.5–2.0 mV with a frequency of 7.8
kHz was applied to the junction. The first-and second-
harmonic signals were detected simultaneously using a
lock-in amplifier. Positive bias voltage was defined as the
current direction from the bottom to top electrode. These
measurements were performed in a magnetic field up to 100
Oe at 4.2 K.
Figure 1 shows the doped Al-thickness (dAl) depen-
dences of the TMR ratio and the resistance. For the as-
prepared junction, the TMR ratio decreases with increasing
dAl , while the resistance is almost constant, suggesting the
doped Al can be metallic and the tunnel barrier thickness
does not change. The TMR ratio for the junction with dAl of
0.2 nm scattered. On the other hand, the TMR ratio for the
annealed junction improves and has a peak at dAl of 0.2 nm
without the scattering. With further increasing the dAl the
TMR ratio decreases drastically and the resistance increases
monotonically. This suggests that the Al on the insulator will
be oxidized by the diffusion of oxygen and form an insulator.
The second derivatives of the I – V curves ~IET spectra!
were measured for all junctions. A typical phonon peak of
Al–O LO mode ~120 mV! was observed clearly for all junc-
tions, suggesting that inelastic electron tunneling currents
were successfully detected in this experiment. Figure 2
shows the IET spectra for the junctions with dAl of 0 nm ~a!
as prepared, ~b! with annealing at 250 and ~c! 400 °C. Solid
lines and dotted lines are the spectra of antiparallel ~AP! and
parallel ~P! magnetization configurations. For the as-
prepared junction, a sharp peak appears below 2 mV of bias3 © 2003 American Institute of Physics
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netic impurities. A peak around 20 mV for the IET spectrum
for AP configuration is characteristic; the peak disappears for
the spectrum for P configuration. For the 250 °C annealed
junction, the peak intensity at 2 mV in both configurations
decreases. It can be explained as the decrease of impurities at
the interface between the ferromagnetic electrode and the
insulator. The spectrum for P configuration is weak, resulting
in a large difference between both configurations. The peak
around 20 mV for AP configuration becomes clear. After
annealing at 400 °C, the peak around 20 mV in AP configu-
ration disappears and the difference between both configura-
tions becomes very small. It should be noted that the spectra
for AP configuration are larger than those for P configuration
and that these spectra are asymmetric with respect to the bias
directions. As a spin-independent process does not affect the
IET spectrum by applying an external magnetic field, the
difference between the spectra for the P and AP configura-
tions is expected to be only due to spin-dependent processes.
For one of them, magnon-assisted inelastic tunneling cur-
rents for the P and AP magnetization configurations can be
expressed7 as
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FIG. 1. ~a! The TMR ratio and ~b! the junction resistance at 4.2 K as a
function of inserted Al thickness dAl . Open circles ~s!, solid circles ~d!
and cross marks ~x! indicate the data for the as-prepared junctions, annealed
at 250 and 400 °C, respectively.Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject towhere X is the incoherent tunnel exchange vertex, ra
mag(v) is
the magnon density of states, gL(R) marks the corresponding
electron density of states on the left ~right! electrode, u(x) is
the step function, v5L ,R . These equations can be extended
to the currents by all spin-dependent inelastic processes. The
first term in Eq. ~2! for the AP configuration can be dominant
because g↑
Lg↑
R is much larger than g↓
Lg↓
R and g↓
Lg↑
R
. There-
fore, the IET spectrum for the AP configuration is normally
large and more sensitive to the spin-dependent scattering at R
electrode. In this experiment, electrons flow into the bottom
electrode when positive bias voltage is applied, in other
words R means the bottom electrode at positive bias; the
peak intensity at positive bias voltage reflects the density of
states of the spin-scattering modes at the bottom electrode.
When P or AP alignment in the junction is improved, the
difference between the spectra of both configurations be-
comes large. After annealing at 250 °C, the squareness of the
magnetoresistance loop was improved: it is due to the im-
provement of both the ^111& orientation of the pinning layer
and the exchanging interface structure.15 As the result, the
separation between both spectra becomes clear. Disappear-
ance of the peak at 20 mV after annealing at 400 °C might
relate to the decrease of spin polarization of the ferromag-
netic electrodes.
By subtracting the IET spectrum at P configuration from
that at AP configuration, we can eliminate terms due to both
FIG. 2. The IET spectra for the P ~dashed line! and AP ~solid line! magne-
tization configurations for the tunnel junction ~a! as-prepared, ~b! annealed
at 250 °C and ~c! 400 °C. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Here, we discuss the relationship between the spin-
dependent excitation and the TMR ratio as a function of the
bias voltage for the junctions with dAl50 and 0.2 nm. Figure
3 shows ~a! the bias dependence of the differential TMR
ratio for the tunnel junctions of both magnetization configu-
rations and ~b!–~e! the corresponding subtracting IET spec-
tra. Here, the differential TMR was obtained from the
dI/dV2V measured simultaneously with the IET spectra.
For the junction with dAl of 0.2 nm as prepared ~d!, the IET
spectrum is very complicated, especially around zero bias.
The shape of the spectrum changes for every sample despite
of the same stacking structure. This suggests that the Al de-
posited on insulator is unstable for the as-prepared state and
it behaves as a large number of impurities. On the other
FIG. 3. The bias-voltage dependence of ~a! the differential TMR ratio for
the tunnel junctions of both magnetization configurations and the corre-
sponding subtracting IET spectra for the junction with dAl of 0 nm ~b!, ~c!
and those with dAl of 0.2 nm ~d!, ~e!. Both spectra for the junction as-
prepared and annealed at 250 °C are indicated.Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject tohand, the IET spectrum after annealing at 250 °C ~e! be-
comes stable and similar to that for the junction with dAl
50. It can be due to the formation of the stable insulator by
diffusing of the Al and oxygen. The TMR ratio for the junc-
tion with dAl of 0.2 nm after annealing is constantly large in
comparison with the junction with dAl50. This can be due to
the change of the density of states ~DOS! at the interface;
resulting the change of the spin-polarization. Some calcula-
tions suggested that the termination of Al – Co ~or Fe! had
an important role in the high positive spin-polarization of the
tunnel junctions.13,14 The doping of Al at the interface by
design may accelerate the Al – FM termination. As shown in
Fig. 3~a! by dotted lines, the TMR ratio as a function of the
bias voltage deviates from the extrapolation of the bias de-
pendence below 20 mV at which the IET spectrum shows a
peak. Namely, one of the origins of the decrease of TMR
ratio as a function of bias voltage is the inelastic scattering at
the interface. However the influence is relatively small in
comparison of intrinsic decrease; the rough estimation of the
decreasing fraction is less than 10% at most. The origin of
the peak around 20 mV in IET spectra is not yet clear. It is
easily accepted that magnon excitation has an effect on the
spectra; meanwhile, phonon contribution could be consid-
ered. It is suggested that the electron-phonon interaction can
change their spin states.16 In the calculation of the phonon
contribution to Al, transverse phonon modes with spin flip
exist around the energy of 20 meV. The separation of these
contributions might be possible after measuring the spectra
of junctions with different phonon modes.
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